
U.S. De~artment of Energy

Lawrence
Livermore
National
Laboratory

Preprint
UCRL-JC-137417

Thermodynamics of
Combustion in a Confined
Explosion

A. Kuhl, A.K. Openheim and R.E. Ferguson

This article was submitted to
12th All-Union Symposium on Combustion and Explosion,
Chernogolovka, Moscow Region, Russia, September 11-15, 2000

February 5, 2000

Approved for public release; further dissemination u.nlimited



DISCLAIMER

This document was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor the University of California nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsibility for
the accuracy, completeness, or usefulness of any information, apparatus, product, or process disclosed, or
represents that its use would not infringe privately owned rights. Reference herein to any specific
commercial product, process, or service by trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the United States
Government or the University of California. The views and opinions of authors expressed herein do not
necessarily state or reflect those of the United States Government or the University of California, and
shall not be used for advertising or product endorsement purposes.

This is a preprint of a paper intended for publication in a journal or proceedings. Since changes may be
made before publication, this preprint is made available with the understanding that it will not be cited
or reproduced without the permission of the author.

This report has been reproduced
directly from the best available copy.

Available to DOE and DOE contractors from the
Office of Scientific and Technical Information

P.O. Box 62, Oak Ridge, TN 37831
Prices available from (423) 576-8401

http://apollo.osti.gov/bridge /

Available to the public from the
National Technical Information Service

U.S. Department of Commerce
5285 Port Royal Rd.,

Springfield, VA 22161
http://www.ntis.gov/

OR

Lawrence Livermore National Laboratory
Technical Information Department’s Digital Library

http://www.llnl.gov/tid/Library.html



Thermodynamics of Combustion in a Confined Explosion

A. L. Kuhl, Lawrence Livermore National Laboratory, Livermore, CA
A. K. Oppenheim, University of California, Berkeley,.CA

R. E. Ferguson, KTI, Rockville, MD

1. Inverse Problem

Considered here are explosions from condensed TNT charges--where the expanded

detonation products gases are rich in C and CO [1]. Mixing with air causes oxidation

/combustion [2], which dramatically increases the pressure in confined systems (vid. Fig. 1).

We treat this as an Inverse Problem: infer fuel consumption from the measured pressure

P = ~(t)/pi (1)

This is accomplished by a Thermodynamic analysis of the system [3]. We consider Fuel--F

and Air--A at fixed composition, forming Products--P at equilibrium. Their thermodynamic

properties are displayed in the Le Chatelier diagram (Fig. 2) using

WK --" (pV)K/WAi (2)

UK _= (u K- UOK)/CAWAi "" QK+ kKWK (3)

The analysis is based on the Thermostatic Balance Laws for the system:

Mass: YF + Wa + We = 1 (4)

Volume: WFYF+ WAYA + WeYe = Ws (5)

Energy: UFYF+ UaYa+ UpY? = Us = Us,.- K" (6)

augmented by Mixture Relations for the Charge--C (F+A) and stoichiometric Reactants--R

ZK =ZA+FK(ZF-ZA) (Z x =Wx,UK &K= C, R) (7)

where the corresponding fuel mass fractions are: Fc ---1/(1 +0"%c) and FR -1/(1 + or) with

o" --stoichiometric air-fuel ratio and ’~c =excess oxidizer coefficient.

2. Solution

The volume of the components may be related to pressure via polytropic relations and Ye

Polytrope: Wx = (WKi/WAI)P’- l/" for K = F,A,R,C (8)

System: Ws = P (9)

Products: We = WR+(Ws- Wc)/YP (10)

while mass conservation relation (4) implies

r,,et: = Fc- FRY,,
Air: Ya = (i- Fc)- (1- FR)Ye
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Next, the energy conservation relation (6) may be solved for Ye; then by means of (3), 

Ux are eliminated in favor of WK, yielding:

ye(wx) = kc(Wc- Wc,) + ke(Ws- Wc) + ~c.. (13)
[Qe- QRI- (kp- kR)WR

Finally (8)-(10) are used to replace K by P, t hereby expressing the Products mass fraction

ke P- (kp - kc)PI-1’’- kc + tc
Ye(P) = - Qe- QRI- (kp - kR)Pt-’" (14)

in terms of pressure and the thermodynamic properties of the components.

3. Application

The solution for TNT may be evaluated from the properties of Fig. 2: ke = 1.706, kn = 1.20,

kc=kA=I, Qe=-11-63, QR =-3.63, n=1.38, Fc=0.05, FR=0.238, CA=2.59 and

WAi = 128 J / g. Thus, the mass-fraction of fuel consumed by combustion becomes

~cc F°Ye = 4.761.706P- 0.706 P0zTs- 1 + t¢
XF(P)

8.00 -- 0.506 p0.275
(15)

The experimental pressure history (Fig. 1) was fit 

P(t) = 2 - -¢4’42ms (16)

where Pi = 1.92 + 0.1bars, Ps = 3.80 +0.1 bars and P; = pl/p, = 1.98. It may be used to

eliminate P in favor of time--thereby establishing the temporal solution. The results are

displayed in Figs. 3--6 for the case of adiabatic walls ( r¢ = 0).

4. Conclusions

The Model expounded here represents a valuable tool for extracting the evolution of

combustion system from a readily measurable quantity (pressure). The Model establishes the

fuel consumption history as well as the evolution of thermodynamic solution (specific

volumes, energies and densities) of the components that will generate the observed pressure

profile. This solution in Thermodynamic (State) Space provides extraordinarily clear insight

into the combustion process, which is normally clouded by a myriad of transport processes

that occur in physical space.
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